Abstract-Any dielectric lens has a finite closed boundary and therefore is, in fact, an open dielectric resonator capable of supporting resonant modes whose Q-factor depends of the lens parameters (size, shape, and material). The hemielliptic lens, that is an essential building block of many mm-wave and THz antennas, is not an exception: it supports the so-called halfbowtie (HBT) resonances that can strongly affect performance of such antennas. In this paper we illustrate the interplay between the optical and modal features in the electromagnetic behaviour of hemielliptic lenses and highlight the drastic influence of the HBT resonances on radiation characteristics of lens antennas. We also discuss the difficulties associated with accurate description of the resonant phenomena in compact-size hemielliptic lenses with conventional techniques and provide recommendations on how to minimize the parasitic impact of HBT resonances on the antenna performance.
I. INTRODUCTION
Hemielliptic dielectric lenses are vital building blocks of dielectric-based antennas operating at millimetre (mm) and sub-mm wavelengths. Integration of such lenses with printed sensors improves matching, eliminates losses related to the surface wave excitation, and enables one to improve the aperture efficiency of such antennas [1, 2] . Moreover, it provides an opportunity to improve or reshape radiation patterns of primary feeds according to given specifications [3] .
In the ray-tracing approximation, hemielliptic lenses behave similar to parabolic reflectors: they transform part of a spherical wave radiated by a point source placed in the focus into a collimated beam [4] . For large-size lenses made of lowdensity materials, this optical-type mechanism works rather well. This enables development of wide variety of integrated antennas for terrestrial and satellite applications, e.g. [1] [2] [3] .
If the lens electrical size becomes small (several wavelengths) and/or the permittivity of the lens material becomes high (ε>4) while the loss tangent is small, the influence of the internal resonances on the lens behavior becomes significant [5] . When excited, the resonances strongly affect the radiation properties of the lens antennas [6, 7] . Proper accounting for both optical and modal features of lenses at the design stage is therefore extremely important.
In the paper, we first illustrate the optical (focusing) and modal (resonant) features intrinsic to hemielliptic dielectric lenses. This is done in two-dimensional formulation using highly efficient software developed based the Muller boundary integral equations [6] [7] [8] . Then we illustrate the hazard effects of internal resonances on the radiation characteristics of lens-based antennas integrated with localized sources and outline the ways of minimizing their parasitic impact on antenna performance via optimization of the lens profile and proper adjustment of the feed parameters. Finally, we briefly discuss the computational difficulties related to accurate description of the resonances in open dielectric scatterers.
II. LENS MODEL & METHODS OF ANALYSIS
The lens is modelled by a homogeneous dielectric cylinder whose contour is combined from two curves, namely one halfellipse whose eccentricity equals the inverse of the material refracting index (e = 1/ε
), and one halfsuperellipse (rectangle with rounded corners), smoothly joint at the points (x,y) = (0, ± a), where a is the minor semi-axis of the ellipse (Fig. 1) . Hereafter, these points are referred as the "edge" of the lens aperture because the focusing ability of the lens is determined by its elliptical front part whereas the extension is used to place the feed at the right (focal) distance. The lens is illuminated either by a plane wave or a beamfield produced by the so-called complex source point (CSP) feed [9] [10] . The two types of incident field are used to study the focusing and collimating properties of the lens in the receiving and emitting modes, respectively.
The near-and far-field characteristics of the twodimensional antenna model are calculated with the highly accurate in-house software developed based of the Muller boundary integral equations (MBIE) and method of analytical regularization (MAR). Details of the algorithm as well as demonstration of its efficiency in describing the true electromagnetics properties of finite-size open dielectric scatterers can be found in [6] [7] [8] .
III. FOCUSING AND COLLIMATING CHARACTERISTICS OF HEMIELLIPTIC DIELECTRIC LENSES Once again, we remind that any dielectric lens is an open dielectric resonator capable of supporting infinite number of natural modes whose resonance frequencies and quality factors depend on the lens parameters, namely: size, shape, and material. For hemielliptic lenses the most important resonances are the so-called half-bowtie (HBT) ones [11] having specific triangular patterns detectable in the near-field zone (Fig. 2 ). These modes are classified by the number of inresonance near field variations along a certain triangular contour marked by the black dashed line in Fig. 2b . As any other resonant mode an HBT n,m one is excited each time when the incident field frequency hits the real part of the complexvalued frequency of the corresponding natural mode. In the ray tracing approximation this corresponds to A = nλ e /2 ∪ B = mλ e /2, where λ e is the wave-length in dielectric. This condition is periodically satisfied at different frequencies for lenses of any size and having different extensions (Fig. 3) . Thus the HBT resonances are always involved in the performance of any hemielliptic lens antenna. Their quality factor and the impact on the radiation characteristics increase proportionally to the permittivity of lens material. The latter becomes noticeable already for quartz lenses (ε = 3.8) [12] , whereas for lenses made of denser material (ε ≥ 10) such as silicon (ε = 11.7) the modal (resonant) behaviour becomes dominant. In the receiving mode, it leads to a strong distortion and shift of the focal spot position (compare [13] and [5, 6] ). In the emitting mode, this affects antenna matching and results in main-beam directivity degradation as well as increase of the side-lobes level [7, 12] . The latter phenomenon is illustrated in Fig. 4 . As one can see, excitation of an HBT resonance in a silicon lens results in deformation of the main beam and 5 dB increase of the side-lobe level. IV. HEMIELLIPTIC DLA DESIGN PECULIARITIES As it was already mentioned, elliptical dielectric lenses have the ability to collect rays propagating parallel to their axis of symmetry into their focus, e.g. [1, 4] . Reciprocally, in emitting mode, this shape is expected to provide a locally plane wave in the radiating aperture of the hemielliptic DLA. This ray-tracing focusing/collimating rule is well satisfied for large-size lenses whose local surface curvature is negligible. In this case the Snell's laws are sufficient to describe the scattering/refraction phenomena at the boundary of the lens and its profile contour (the ellipse whose eccentricity equals the inverse of the refraction coefficient) can be derived analytically. For lenses of smaller size the elliptical shape no longer remains optimal (i.e. capable of providing the best broadside directivity). Nevertheless the small size of the lens can be compensated via shaping the lens profile [14] [15] [16] [17] [18] [19] . Note that optimization procedure of such lenses is a tricky task due to the aforementioned interplay of the ray-like and resonant features that often appears to be a bottleneck for conventional techniques, e.g. [6] .
Another important aspect in the design of DLAs that often escapes attention is the necessity of proper mutual adjustment of the lens size/shape and primary feed pattern. As it was recently demonstrated [12] , the best performance of hemielliptic DLAs (in terms of the main-beam directivity value) is achieved when the optimal edge illumination is provided. Although this recommendation is in line with the general theory of aperture antennas, its application to design of integrated DLAs is not that straightforward. This is due to the following important differences between the reflector and integrated lens antennas. First, both the electrical size and the focal distance of hemielliptic DLAs are usually much smaller than that of reflectors [2] , and thus the feed is never far away from the lens. Second, unlike a gently curved metal reflector, hemielliptic dielectric lens is an open dielectric resonator which is capable of supporting HBT modes with relatively high Q-factors. Finally, for DLAs, the focal distance and thus the favourable feed location depend on the lens material. This happens because, in the geometrical optics approximation, the eccentricity of elliptical lens is determined by its material permittivity [1, 4] . These essential distinctions between reflector antennas and DLAs result in the necessity to accurately adjust the edge illumination depending on the lens size and material [12] . As one can see in Fig. 5 , for a DLA made of quartz the highest directivity is achieved when fed by primary feeds whose directivity in free space equals D 0 = 5~6 dB, whereas for a silicon DLA of the same size best directivity is provided if it is excited by an almost omnidirectional feed (D 0 = 2~3 dB). It is also clearly seen that the optimal edge illumination does not prevent from excitation of HBT resonances although it reduces their impact by requesting a decay of field intensity at the lens aperture edges comparing to the origin [12] . Another natural mechanism of reduction of the HBT resonances impact is the presence of losses in the lens material (Fig. 6) . Additional suppression can be achieved by introducing a matching layer either in the form of dielectric films [20] [21] [22] or surface corrugations [23] . Until now we discussed performance of the hemielliptic DLAs which are the most popular solution for various practical applications addressing the point-to-point communication or scanning scenarios. For the integrity of the discussion it is also useful to mention the so-called shaped DLAs having lenses with profiles specially designed to satisfy some specific requirements such as shaped-beam formation [3, 15, 24] and/or improved angular characteristics [18, 25] . Design of such antennas usually involves optimization of the lens shape as well as topology and parameters of the feeding structure. This multi-parameter problem can be successfully handled using local and/or global optimization techniques [14-18, 25, 26] .
There are two critical points in the design procedure that are worth to be mentioned in the scope of the current paper. First, as any optimization problem DLA design is based on iterative solution of the direct diffraction problem. Thus there is always a compromise between the accuracy of the diffraction problem solution (controlled by the number and size of ray tubes used in GO/PO techniques [14, 15] , mesh size for MoM and FDTD approaches, e.g. [7, 19] , or the matrix truncation number for MBIE-based algorithms [6] [7] [8] ) and the computational time. This trade-off is often solved in the favour of the computation time reduction that may cause a fail of the design procedure. This is because arbitrary shapedlenses (especially those having small size and made of dense material) are capable of supporting modes whose resonant frequencies and quality factors cannot be predicted in advance, (except by solving the relevant eigen-value problems that is an independent and complicated electromagnetic problem). Excitation of strong internal resonances may lead to uncontrollable errors entering the solution that misguides the optimization procedure by over-or under-estimating the quality of the considered design. There is no simple solution to this problem because it comes from the nature of each electromagnetic solver. For instance, it is possible to compensate the inaccuracies of the geometrical/physical optical techniques via accounting for multiple reflections, introducing corrections in the regions where the total reflection appears [27] [28] [29] , etc., but there is no remedy for the case when radius of curvature of the lens surface becomes comparable to the wavelength. Even full-wave methods such as FDTD and MoM may fail to describe accurately high-Q resonances in dielectric scatterers due to staircase errors [7, 30, 31] . Therefore it is extremely important (a) to pay the appropriate attention to inherent resonant properties of open dielectric resonators, and (b) to develop and apply numerical algorithms with in-built criteria of accuracy (i.e. capable to estimate the computational error for the given set of the problem parameters). Our recommendation to this end is to use the algorithms developed based on the MBIE / MAR approach, whose guaranteed monotonic convergence enables one to control the accuracy of the numerical solution for any set of the DLA parameters. Fig. 5b by triangulars. Thick grey line corresponds DLA whose extension is chosen to provide the highest broadside directivity (marked as "off-resonance"). The family of curves marked as "inresonance" corresponds to the design supporting an HBT resonance; the curves differ by the value of losses in the material defined by tanδ.
V. CONCLUSIONS The optical and modal features of hemielliptic lenses, typically used as building blocks of integrated DLAs operating at the mm and sub-mm wavelength ranges, have been carefully studied using highly-accurate in-house software developed based on the MBIE / MAR approach. It was demonstrated that HBT resonances (that can be easily identified by their specific triangular near-field patterns) are inherently involved in the performance of hemielliptic DLAs. Their impacts on the DLA performance and difficulties related to their accurate characterisation have been discussed on examples of hemielliptic quartz and silicon lenses.
